ROYAL SOCIETY
OF CHEMISTRY

INORGANIC CHEMISTRY
FRONTIERS

PEERS

Chinese Chemical Society

View Article Online

RESEARCH ARTICLE

View Journal | View Issue

Dramatic impact of the lattice solvent on the
dynamic magnetic relaxation of dinuclear
dysprosium single-molecule magnets+
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Two dinuclear dysprosium single-molecule magnets (SMMs) with a nearly identical core structure, namely
[Dy2(DMOP),(DBM)4(CHCls)4] (1) and [Dy2(DMOP)2(DBM)4(C2H4CLo)2] (2) (DMOP = 2,6-dimethoxyphenol,
DBM = dibenzoylmethane), and their Y(i) (3) and Gd(in) (4) analogues were structurally and magnetically
characterized. Despite the fact the phenoxyl of DMOP can only transfer weak exchange coupling and the
local coordination environment around the individual Dy(m) ion is in a low geometrical symmetry, their
joint contribution ultimately leads to significant zero-field slow magnetic relaxation behaviours. It is inter-
esting to note that the effective energy barrier (Ueg) of the magnetization reversal was nearly doubly
improved by only deliberately replacing or losing the lattice solvents while maintaining the Dy?2 core struc-
ture. Ab initio calculations confirmed that changing the lattice solvents induced the intramolecular coup-
ling change and impacted the dynamic magnetic relaxations. The significant enhancement of an SMM's
performance depending on the lattice solvents indicated that it is possible to improve an SMM's properties
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Introduction

The large magnetic anisotropy of lanthanide(m) ions stem
from strong spin-orbit coupling and a crystal field effect that
makes 4f-based single-molecule magnets (SMMs) display sig-
nificant slow magnetic relaxation behaviours with high energy
barriers (Ues) for the reversal of magnetization and the block-
ing temperature (7%)." Their unique magnetic properties con-
necting the conventional and quantum world make SMMs
good candidates for high-density information storage,
quantum information processing, molecular spintronics and
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magnetic cooling applications.” For lanthanide-based SMMs,
the magnetic anisotropy mostly arises from the single-ion
magnetic anisotropy due to the intrinsic shielded 4f electrons
of lanthanide(m) ions.>*’ However, the slow magnetic relax-
ation is normally sensitive to the crystal field and/or ligand
field as well as to the local symmetry surrounding the lantha-
nide(m) ion.? This meanwhile provides an opportunity to fine-
tune the slow magnetic relaxation through modulating the
local symmetry and peripheral ligand field.* A few reports have
indicated that modulating the local symmetry and ligand field
is effective to construct single-ion magnets (SIMs, mono-
nuclear SMMs) with higher U.g and Tg;” for instance an energy
barrier beyond 1000 K in pentagonal bipyramidal Dy(m) SIM,®
and up to 60 K Ty have been obtained in dysprosium metallo-
cene [Dy(Cp™),][B(CeFs)a] (Cp™ = 1,2,4-tri(tert-butyl)cyclopenta-
dienide).” However, such a strategy has a finite ceiling of
improvement due to the flexible coordination modes and high
coordination numbers of lanthanide(u) ions, which usually
result in a low axial coordination symmetry. In addition, the
quantum tunnelling of magnetization (QTM), involving a fast
relaxation through near-degenerate ground states, prevails in
nearly all lanthanide SIMs and has become a serious factor
impeding the development of lanthanide SMMs with a better
performance. Clearly, considering both the local high axial
symmetry and coupled spin is an effective strategy to improve
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the magnetic anisotropy.® Appropriate intramolecular coup-
lings have been proven to suppress QTM significantly’ and
have exhibited predominant relaxation properties. High Ty
values of 14 K and 12 K were observed in a dinuclear Tb2
system bridged by an N*~ radical'® and an Er2 complex sand-
wiched by multilayer COT (COT = cyclooctatetraenyl) and sub-
stituent COT."* The bridging ligands play a crucial role in
these systems. The radical approach is a successful way to
obtain large laterally exchanged coupling interactions effec-
tively between two lanthanide ions owing to the presence of an
unpaired electron on the ligand. Alternatively, in the multilayer
sandwich COT-Ln SMMs, the COT ligand could transfer the
longitudinally coupling, offering a delocalized superexchange
pathway. However, extending this methodology to larger mole-
cules involving multiple metal centres/radicals and multilayer
organometallic species is synthetically very difficult.'* In com-
parison, neutral organic bridges can transmit magnetic coup-
ling, albeit a little weak, but sufficient to also influence the
magnetic state of the ground and even excited state and conse-
quently can change the magnetic relaxation of the whole mole-
cule dramatically.”® The joint contribution of local symmetry
and appropriate intramolecular coupling is highly promising
to improve the performance of dinuclear lanthanide-based
SMMs. Additionally, recently, a new chemical strategy for the
construction of molecular nanomagnets by constraining the
coordination symmetries around lanthanide centres within
metal-organic frameworks (MOFs) was developed to tune the
properties of SMMs.'* As a novel way to control and modulate
the molecular magnetic anisotropy, the impact of guest mole-
cules in MOFs and lattice solvents in crystals on the magnetic
relaxation properties has attracted increasing attention,"
although such effects had already been pointed out before.'®
We recently found that the ligand 2,6-dimethoxyphenol
(DMOP) is a good candidate but has barely been used to con-
struct dinuclear SMMs."” Interestingly, a dramatic influence of
the lattice solvents on the magnetic relaxation was observed,
which is a potential factor to improve an SMM’s performance.
Herein, we report details on the preparations, structures and
magnetic properties of two dinuclear dysprosium complexes
with different lattice solvents, namely [Dy,(DMOP),(DBM),
(CHCL3)4] (1) and [Dy,(DMOP),(DBM),(C,H,Cl,),] (2).

Results and discussion
Synthesis and characterization

Complexes 1 and 2 were synthesized as shown in Scheme 1.
They were recrystallized from solvents CHCl; and CH,CICH,Cl
as the guest molecule in lattices 1 and 2, respectively.
Complexes 1 and 2 could transform to each other through
losing their respective guest molecules and recrystallizing from
the opponent solvent. Complex 1 crystallizes in the triclinic
space group P1, with the molecular structure of 1 shown in
Fig. 1. The asymmetric unit consists of one Dy(ui) ion, one
DMOP" ligand, two DBM™ ligands and two lattice CHCl; mole-
cules. Each Dy(m) ion is surrounded by eight oxygen atoms
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Scheme 1 Synthesis of complexes 1 and 2.

Fig. 1 Molecular structure of complex 1 with atomic labelling, in which
a symmetry code was used to generate equivalent atoms: Dy’ and O’
(left), and the biaugmented trigonal prism of the [DyOg] cores (right),
hydrogen atoms have been omitted for clarity; symmetry codes: Dyl": 1
-X, =y, -z+ 1

belonging to two chelating DMOP™ ligands and two DBM™
ligands. The phenoxy oxygen of each ligand DMOP™ adopts a
p-bridge mode between the two Dy(m) ions (Fig. 1, left). The
local symmetry of Dy(u1) ion was analyzed using the parameter
S of the continuous-shape-measures (CShMs) method,'® which
allowed us to quantify the degree of distortion of the coordi-
nation sphere (an S value equal to 0 corresponds to the perfect
polyhedron, while a larger value indicates a greater deviation
from the ideal geometry). The relatively large S wvalues
(Table S1, ESIt) indicate that the coordination environment of
Dy(m) centres were in a low geometrical symmetry.

Complex 2 also crystallizes in the triclinic space group P1.
The crystal structure and the local coordination geometry
around Dy(m) ions were nearly identical to that of complex 1,
except for the presence of two CH,CICH,CI instead of four
CHCIl; molecules as the lattice solvent. Accordingly, the bond
lengths of Dy-O and Dy-Dy in complex 2 were nearly the same
as those in complex 1 (Table S2, ESIf). The intramolecular
Dyl-Dyl1’ distance and the average Dy-O distance were
3.8347(5) A and 2.385(3) Ain 1, 3.8452(3) A and 2.377(2) A in 2,
respectively. The atoms Dy1, Dy1’, O1 and O1’ were on a hori-
zontal plane in both complexes 1 and 2, with only a slight
difference in the angles (Table S2, ESI) and the degree of dis-
tortion of the quadrilateral formed by two Dy and two phenoxy
O atoms (Tables S2 and S3, ESIt). In complex 1, the O1-Dy1-
01’ angle was 67.34(12)° and the Dy1-O1-Dyl’' angle was
112.66(12)°, while the O1-Dy1-O1' angle and Dy1-O1-Dy1’
angle were 66.68(7)° and 113.32(7)° respectively in 2. This
means that complex 2 has a more inclined quadrilateral
formed by Dy1, Dy1’, O1 and O1' atoms. In addition, the S
parameters of Dy(i) centres in 2 also displayed relatively large
values (Table S1, ESIt) according to the ideal biaugmented tri-
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gonal prism. These values were nearly the same as those of 1
and also indicative of a low geometrical symmetry and obvious
deviation from the ideal C,, symmetry.

The Dy-DMOP units of complexes 1 and 2 were “stacked”
along the crystallographic g-axis in a way depicted in Fig. 2
and Fig. S1 (ESI}), respectively. Hydrogen-bond interactions
and n-bond interactions were found in both complexes and are
marked in detail in Fig. 2, Fig. S2 and Table S4 (ESIt). The
hydrogen bonds were mainly composed of a chlorine atom of
CHCI;/CH,CICH,CI] and a carbon atom of DBM and DMOP.
The shortest intermolecular Dy---Dy distances between the
neighbouring [DyDy] units for 1 and 2 were 10.6974(8) A and
10.4264(4) A, respectively, suggesting that the intermolecular
dipole-dipole interaction could be negligible compared to the
intramolecular interaction.

Despite complexes 1 and 2 possessing nearly the same core
structures, a further close inspection of them showed their
slightly different bond lengths and angles. These discrepancies
were most likely due to the different lattice solvents, which
influence the intermolecular stacking and consequently
perturb the first coordination sphere, albeit they are remote
from the spin centres.

In order to prepare the desolvated sample, complex 1 was
placed in a vacuum oven maintained at 80 °C for drying for
24 h, with the corresponding TG analysis (Fig. S3 and S4, ESI{)
confirming that the lattice solvent molecules had been com-
pletely removed, leading to [Dy,(DMOP),(DBM),] (del).
Unfortunately, the single-crystal X-ray diffraction data of del
were not obtained for the crystal cracking upon drying.
Alternatively, powder X-ray diffraction measurement was then
performed on del and confirmed that the frame structure was
maintained, albeit with the existence of a slightly different
pattern compared with complex 1 (Fig. S5, ESIT), which was
also found in other research studies and was mostly attributed
to the release of the lattice solvents.'® Interestingly, the recrys-

‘.“/ Vo o
e o

Fig. 2 (a) Crystal packing of 1 along the a-axis. Dy, dark blue; O, red; C,
grey; H, white; CL, green. (b) Views showing the C—H---x interactions and
intermolecular H-C..-Cl interactions among the crystallographically
equivalent Dy—DMOP units of 1 (hydrogen atoms have been omitted for
clarity; symmetry codes: #1: 1 —x, 1 -y, z; #2:1-x,1 -y, 1 -z, #3: x —
Ly z, #4:1—x, -y, -z, #5:x,y,z—- 1, #6: 1 + x, y, 2).
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tallizing of complex del in CHCI; solvent at room temperature
could recover complex 1, as confirmed by X-ray diffraction
measurements and TG analysis (Fig. S5 and S6, ESIf). These
results show that the desolvation-resolvation process between
1 and del is reversible.

Magnetic behaviour and theoretical calculations

The thermal (T) dependence of the molar magnetic suscepti-
bilities (yu) of all three samples were measured in an applied
direct current (dc) field of H = 1000 Oe in the temperature
range of 2-300 K. Fig. 3 shows the plots of y\T versus T for 1, 2
and del. At room temperature, the y\T values were 28.24 (1),
28.38 (2) and 28.53 (del) cm® K mol™*, which were in good
agreement with the theoretical value of 28.34 cm® K mol ™" for
two free Dy(m) ions (°Hysp, S = 5/2, L = 5, g = 4/3). Upon
cooling, the yT product decreased gradually, which was likely
due to the thermal depopulation of the Dy(m) Stark sublevels
and/or intermolecular antiferromagnetic behaviour. Below
30 K, the yuT product decreased significantly until 2 K, indi-
cating a significant magnetic anisotropy of Dy(m)'® and/or
weak intramolecular antiferromagnetic interactions through
the phenoxy bridge. Plots of M versus H/T below 8 K for
complex 1 (Fig. 3, inset) show a rapid increase in the magneti-
zation at low fields. The magnetization reached a value of
11.6Np at 7 T at 2 K, which was much lower than the theore-
tical saturation value of 20Ng for the Dy, dimer. The field
dependence of the magnetization for complexes 2 and del
between 2 and 8 K are shown in Fig. S7-S9 (ESI}). The unsatu-
rated magnetization together with the non-superposition of
the M versus H/T curves suggest a large magnetic anisotropy
and the presence of low lying excited states in this system.

To explore the intramolecular magnetic interactions of
these dinuclear complexes, magnetic measurements for the
Gd(m) analogue (complex 4) were carried out. The magnetic

304
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Fig. 3 The ymT data measured on powdered samples under a magnetic
field H = 1000 Oe for 1 (red circles; red line, best fit), 2 (blue triangles;
blue line, best fit) and del (green diamonds). Inset: M versus H/T plot for
1 at indicated temperatures.
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properties were analyzed by spin Hamiltonian H = —/Sg41-Scda,
where J is the exchange coupling constant and Sgq; and Sgq»
are the spin operators. The temperature dependence of the
mT product for complex 4 combined with a plot of yy " vs. T
is shown in Fig. S10 (ESI}). Least-squares fitting of the experi-
mental data with eqn (S1) leads to J = —0.035 cm™" and g =
2.0 (R = 1.7 x 107°, defined as Y[(rmT)eatc — (mT)obs]’/
S(rmT)obs]”)- The temperature dependence of y ' obeys the
Curie-Weiss law in the 50-300 K range (Fig. S11, ESI{) with
the Curie constant C of 16.50 cm® K mol ™" and Weiss constant
0 of —2.2 K, indicating a weak antiferromagnetic interaction
between the Gd(m) centres. This may be similar in Dy(m)
complexes.

To gain further insights into the magnetic properties of our
complexes,  complete-active-space  self-consistent  field
(CASSCF) based ab initio calculations were performed using
MOLCAS 7.8%° The total exchange coupling constants
J (including dipolar J4;, and exchange J.,) and the pseudospin
8 =1/2 of the Dy(m) ions were used in the calculations. The cal-
culated and experimental magnetic susceptibilities of com-
plexes 1 and 2 are shown in Fig. 3, where the fits are all close
to the experimental data in the whole temperature range. The
Dy(mr)-Dy(ur) interactions in the two complexes within Lines’
model*' were both antiferromagnetic. The best fit results gave
Jea = —1.25 em™, Jaips = —2.77 ecm™" for complex 1 and Jex, =
—3.00 em™", Jgipp = —2.51 ecm ™" for complex 2. Accordingly, the
overall antiferromagnetic exchange coupling J; of —4.02 cm™"
for complex 1 was weaker than the J, of —5.51 cm™' for
complex 2 (Table S5, ESI}).

To investigate the magnetization dynamics of the present
systems, alternating current (ac) magnetic susceptibility
measurements were performed on complex 1 in the tempera-
ture range 2-16 K under a zero dc field at frequencies between
1 and 1000 Hz (Fig. 4, upper figure and Fig. S1, ESIT). The out-
of-phase (y”) component of the ac susceptibility (Fig. 4, upper

TIK

2 4 6 8 10 12 14 16
—e— 1Hz —e— 3.2Hz —o— 10Hz —e— 32Hz

oo, —*— 100Hz —o— 325Hz — — 550Hz

B o ote, e T75Hz e 886Hz

—e— 999Hz

_e-o_

vl Hz

Fig. 4 Temperature (up) and frequency v (down, logarithmic scale)
dependence of out-of-phase (y”) ac susceptibility in the temperature
range 2-16 K for 1 under a zero dc field.
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figure) clearly exhibits temperature-dependent peaks with one
maximum. Additionally, the frequency dependence of the
maximum in association with a single relaxation process
appears clearly on the plot of the y” versus the frequency
between 1 and 1000 Hz (Fig. 4, lower figure and Fig. S12, ESIT).
The single relaxation mode in the frequency-dependent ac sus-
ceptibility is ascribed to there being only one crystallographi-
cally independent Dy(u) ion in the centrosymmetric complex.

The graphical representation of " vs. ' (Cole-Cole plot)**
in the temperature range 2-12 K further confirmed the single
thermally-activated relaxation process (Fig. 5, Table S6, ESIT).
The data could be fitted using a generalized Debye model.>?
For temperatures higher than 4 K, symmetric semicircles were
obtained. The parameter «, indicating deviation from the pure
Debye model, was lower than 0.2, which confirmed that the
magnetization relaxed with a unique single characteristic time.
In addition, as observed for the frequency-dependent ac sus-
ceptibility below 4 K, the antiferromagnetic interaction
between the two Dy(ui) ions resulted in a drop of the out-of-
phase susceptibility,>**® 4", and a slight asymmetry in the
Cole-Cole plot appears as well as an increased a value.

The relaxation time was extracted and fitted to the
Arrhenius law 7 = 7, exp(Ueg/kgT). The effective energy barrier
(Uegr) and the pre-exponential factor (z,) were obtained with
Uetilky = 97.8 K (7o = 3.4 X 10™% 5) from the high-temperature
regime (10-11 K) of the relaxation where it was thermally
induced (Table 1 and Fig. 6).

In order to probe the impact of intramolecular interactions
on the slow relaxation of the magnetization and the possible
quantum tunnelling effects occurring in these SMMs, diluted
samples of 1 were prepared in DyCl;-6H,0/YCl;-6H,0 molar
ratios of 1:4, 1:9 and 1:19 (1.0 mmol in total, instead of
1.0 mmol of DyCl;-6H,0) and labelled as 1a, 1b and 1c,
respectively. The corresponding Y, congener (complex 3) was

24 2 0 225K o 25K o 275K o 3K o 3.25K

o 3.5K 375K 0 4K © 45K o 5K o 55K o 6K
o 65K o 7K o 75K o 8K o 85K o 9K o 95K
o 10K o 10.5K o 11K o 11.5K

"l cm3mol'1

Q
o) ORI
0 ““ Qo O
O \',' »)

3

x'lcm mol™

Fig. 5 Cole—Cole (Argand) plot for 1 obtained using the ac suscepti-

bility data. The solid lines correspond to the best fit obtained with a gen-
eralized Debye model under a zero dc field.
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Table 1 Energy barriers obtained from the Arrhenius law fitting of the
frequency-dependent ac susceptibility data in a zero dc field

Complex Uesilks [K] 7o [8]
1 97.8 3.4%x107°
2 147.2 2.3%x107°
de1 194.0 6.0 x107°
D=
<3
-4-
-5
= |
56
'7__ o Comlpex 1
-84 » Comlpex 2
| o Comlpex de1
-9 T T T T T T T T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6

1T (K

Fig. 6 Plot of In(z) versus 1/T at a zero dc field for 1, 2 and del. The red
lines represent a pure Arrhenius fitting at the high-temperature linear
region for 1, 2 and del at a zero dc field. The blue lines represent the
fitting of the frequency-dependent data by eqn (1) for 1, 2 and del at a
zero dc field.

isostructural with 1. As confirmed by single-crystal X-ray diffr-
action. Alternating current (ac) susceptibility measurements
were performed on polycrystalline samples in the SQUID mag-
netometer. The temperature dependence of the ac suscepti-
bility in the 2-16 K range was measured for all of the diluted
samples at various frequencies and dc fields (Fig. 7, Fig. S13-
S16, ESIT). The measurements on diluted Dy2 samples under a
zero applied dc field exhibited clear temperature-dependent
peaks below 16 K, indicating SMM behaviour. It is very inter-
esting that they displayed different behaviours below 5 K; as
can be seen in the data of the different diluted concentration
sample under 100 Hz in Fig. 7 for comparison. A single

006 . 9000e
)
+ 100%Dy 020 b o
20%Dy N ¥
- 4 5%Dy
5 0.15
2
o \
£0.10
g p \
R Ak
~0.05 SN
& b

Fig. 7 Temperature dependence of the out-of-phase susceptibility (y”)
at 100 Hz and applied fields of (left) O, and (right) the optimum field 900
Oe for the diluted samples 1a, 1b and 1c.
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maximum of peak was observed at ~8 K for all samples, which
was indicative of their same origin of slow magnetic relaxation;
however, a tail of the temperature-dependent peak was
observed for diluted samples below 5 K (Fig. 7, left). Such a
tail of y" is usually indicative of QTM via degenerate +M;
energy levels.”*>® However, for most SMMs, the efficient sup-
pression of QTM with the decreased y” will be seen in the mag-
netic measurements of diluted samples, because the increased
intermolecular distance leads to reduced magnetic dipole-
dipole interactions that usually induce QTM.?® Whereas in this
case, we observed the increase of »” in diluted samples
(Fig. S15, ESIt) and the intensity of the tail increased with the
increasing percentage of Dy dilution in 1a, 1b and 1¢, which is
consistent with the increase in the major species YDy. This
clearly demonstrates that the increasing tails of y” seen in our
system were related to the QTM process accompanying the
single-ion relaxation behaviour of the [Dy-Y] component after
decoupling the Dy-Dy interaction in diluted samples.””
Conversely, the QTM was negligible in the original undiluted
sample with the intramolecular interaction, which revealed an
effective suppression of the QTM of the intramolecular Dy-Dy
coupling. A similar phenomenon has been observed in a few
decoupling Dy2 SMM systems.’

In order to reduce the QTM usually found in mononuclear
lanthanide SMMs, one efficient way is by applying a static dc
field to remove the degeneracy of the +M; energy levels, conse-
quently preventing the tunnelling of electrons from the +M;
state to the —M; state. To fully suppress the tunnelling effects,
optimum dc field measurements were carried out at 2 K and
optimum fields of 900 Oe were found for 5%, 10% and 20%
Dy(ur) dilution (Fig. S16 and S17, ESIf). Subsequent ac
measurements were carried out under the optimum field 900
Oe (Fig. 7, right). A clear single relaxation peak without the
presence of a tail was observed in the out-of-phase suscepti-
bility plots, which confirmed the effective suppression of
QTM. The intensities of the peaks gave an indication that the
major species present in the diluted samples was the YDy
complex.

In order to probe the impact of the lattice solvents on their
dynamic magnetic relaxations, we carried out magnetic
measurements on the desolvated sample del (Fig. 8, Fig. S18,
ESIT). It was interesting to find that they displayed significantly
different magnetic relaxation behaviours. For del, the ac mag-
netic susceptibility data collected under a zero applied dc field
showed that the temperature-dependent y” peaks appear at a
higher temperature of 19 K (Fig. 8). The effective energy
barrier was nearly doubly improved to Ueg/kg = 194.0 K com-
pared to 97.8 K for 1. To understand this result, ac magnetic
measurements were carried out under a zero applied dc field
on the diluted del similar with 1, denoted as delb (Fig. S19
and S20, ESIT). Indeed, a similar SMM behaviour was observed
for de1b, which indicated their same origins of slow magnetic
relaxation (Fig. 10). In other words, for both diluted and
undiluted samples, the effective energy barrier could be
enhanced by a factor of about two after desolvation. In
addition, compared to del, a pronounced QTM at low temp-
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Fig. 8 Temperature dependence of the in-phase ¥ and out-of-phase "
ac susceptibility signals under a zero dc field for del.

erature was observed in the diluted samples, like aforemen-
tioned found in 1 and 1b. The different magnetization relax-
ation behaviours of 1 and del could most likely be attributed
to the loss/gain of the crystallization solvent, which probably
induces a subtle structural rearrangement around Dy(im)
ions,*® albeit the lattice solvent did not link to the Dy(m)
centres directly.

Although our attempt to obtain the crystal structure of del
ultimately failed, complex 2 with a replaced solvent
CH,CICH,CI was prepared successfully. Its geometrical struc-
tures and magnetic properties were characterized and compar-
ably studied. Complexes 1 and 2 are isostructural with very
similar core structures of the dinuclear Dy2 moiety; however,
the lattice solvents induce slightly structural differences, and
indeed lead to a dramatically distinct dynamic magnetic relax-
ation. The ac magnetic susceptibilities of complex 2 were
measured in the temperature range 2-23 K under a zero dc
field at frequencies between 1 and 1000 Hz (Fig. 9 and

4 —eo— 1THz —e— 3.2Hz —o— 10Hz —o— 32HZ
3 o005y~ 100HZ —o— 325Hz — — 550HZ
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Fig. 9 Temperature dependence of the in-phase (') and out-of-phase
(¥") ac susceptibility signals under zero dc field for 2.
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Fig. 10 Temperature dependence of the out-of-phase susceptibility
(y") at 100 Hz under a zero dc field for 1, 1b, 2, 2b, del and delb.

Fig. S21, ESIf). The y” peaks could be observed at a higher
temperature of near 17 K, compared to 11 K for complex 1,
and close to that found in complex del (Fig. 9, 10 and
Fig. S21-S23, ESIf). The effective energy barrier of complex 2
extracted from Arrhenius law was Ueg/kp = 147.2 K (14-16 K,
7o = 2.3 X 10~° s; Table 1, Fig. 5 and Fig. S21, ESI{).

As shown in Fig. 10, nearly identical y” peaks under the
same frequency between the diluted and undiluted samples of
1 and 2 series were observed, respectively, which was indicative
of their pure and same molecular origin of magnetic relax-
ations. The increasing tails at a low temperature regime for the
diluted systems of 1 and 2 reveal a pronounced QTM occurring
after intramolecular decoupling of the exchange interaction.
The Dy-Dy coupling plays a critical role in suppressing QTM.
The impact of lattice solvents on their dynamic magnetic relax-
ations was also very apparent. Under the same 100 Hz, the
observed y” peak at 8 K of 1 increased to 15 K for del and 13 K
for 2, accompanying the increasing energy barriers (Table 1).

In addition, the plots of In(z) versus 1/T under a zero dc
field exhibited an obvious curvature, which has been observed
in few SIMs®' and indicates that perhaps other relaxation path-
ways are also operative, so the U values of these samples 1, 2
and del were obtained by fitting the magnetic data with eqn
(1). The fits with eqn (1) were in good agreement with the data
over the whole temperature regime with Ueg/ks = 157.2 K, 7o =
2.5 x 107°% s for 1; Ueglky = 190.8 K, 7, = 2.0 x 10~° s for 2 and
Uegilks = 258.4 K, 7o = 2.4 x 10™ " s for del (Fig. 5 and Table S7,
ESI}). These results once again prove that the U.g of del is
nearly twice as large as that of 1 and the Uy value also
increased from 1 to 2.

1/t =1/tqmm + CT" +70"" exp(—Ues /xT) (1)

To further probe the dynamic magnetic properties, hyster-
esis loop measurements were carried out over the 1.8-4 K
temperature range for samples 1, 1b, 2, 2b, de1l and delb
(Fig. 11 and 12). Complex 1 did not show a hysteresis loop
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Fig. 11 Field dependence of the normalized magnetization of samples
1 (left) and 1b (right) between 1.8 and 2.5 K at a sweep rate of 200 Oe
-1
s
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Fig. 12 Field dependence of the normalized magnetization of samples
2 (top left), 2b (top right), del (bottom left) and delb (bottom right)
between 1.8 and 4 K at a sweep rate of 200 Oe s~*. Inset: M versus H
plots for each at the highest temperature.

(Fig. 11) at 1.8 K. However, the M versus H plot for the diluted
sample of 1b with the Y : Dy molar ratio of 1:9 displayed a but-
terfly-shaped hysteresis loop at 1.8 K under a sweep rate of 200
Oe s! (Fig. 11, right). Upon raising the temperature, the open-
ings in the hysteresis of complex 1b become narrow and then
nearly closed at 2.5 K. The opening of the hysteresis loop after
the dilution of 1 indicated that the intermolecular magnetic
dipole-dipole interactions play a significant role in the
dynamic relaxation and suggests that the memory effect
mainly comes from the magnetic relaxation of a single Dy(i)
ion. A large thermal barrier and considerably slower tunnelling
rate were observed with the de1l sample; therefore an expected
“S-shaped” hysteresis was observed with a large opening, even
when the temperature reached up to 3.5 K (Fig. 12, bottom
left). The tunnel resonance step at H = +0.3 T could be clearly
observed, which corresponded to an exchange-bias field
associated with a spin flip of the antiferromagnetically
coupled Dy(m) spins. Conversely, in the case of the delb
sample (Fig. 12, bottom right), only one large step under a
zero field was observed, which was responsible for the zero-
field tunnelling. This is consistent with the phenomenon
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often observed in lanthanide systems.?> The decreased step at
~0.3 T was the result of a decoupling system associated with
the presence of YDy species in diluted samples. As expected,
complex 2 with a relatively higher U.s showed a significantly
increased hysteresis temperature compared with 1, and the
opening of hysteresis for 2 was retained until the temperature
of 3 K (Fig. 12, top left). Similarly, there was only one large
step under a zero field in the case of the diluted 2b sample
(Fig. 12, top right), which stemmed from the decoupling
system with the decreasing exchange-biased interaction. It is
worth mentioning that the diluted samples of 1, 2 and del
resulted in a higher (0.5 K increase) hysteresis temperature
compared to the undiluted samples. This was attributed to the
larger intermolecular separation in the diluted samples, which
consequently reduced the dipole-dipole interactions usually
favouring QTM.

The magnetic coupling interaction constant J could also be
obtained by a method based on the Zeeman effect.
Considering that the steps on the hysteresis curves are the con-
sequence of a level-crossing between the ground state and the
first excited state of the dimer, eqn (2) could be applied to cal-
culate the J values.**

Hross = —]/Zgﬁ (2)

The first derivative of magnetization revealed that the cross-
ing field of 2 was 2.9 kOe (Fig. S24 and 25, ESIf). Thus, J, was
obtained as —5.3 cm™" when g = g, = 19.778, which is well con-
sistent with the above-mentioned results obtained via ab initio
calculations (Table S8, ESIT).

The loss/gain and replacement of the crystallization sol-
vents in samples 1, del and 2 could lead to significant
different magnetic properties, albeit they did not ligate to
Dy(m) directly. This was most likely due to the subtle struc-
tural changes induced by the different packing structures
through hydrogen bonds or mn-n interactions.>*** The main
difference between the crystal structures of 1 and 2 arises
from the unbonded solvent molecules within the lattice.
Recent studies have indicated that non-bonded co-crystallized
solvent molecules could influence directly the structural
environment of the spin centre, which may have a dramatic
impact on the dynamic magnetic relaxations in a few tran-
sition metal- or lanthanide-based SMMs or MOF-type
SMMs.'>3*¢ For lanthanide-based SMMs, an extreme sensi-
tivity of the dynamic relaxation to the coordination environ-
mental, even remote from the first coordination sphere, was
indeed observed.?”*®

Although the lattice solvent did not coordinate to the Dy(i)
centre directly, a slight difference in coordination surrounding
the Dy(u1) ions could be observed, as aforementioned in the
structural analysis. As shown in Fig. S26 (ESIT), the first coordi-
nation spheres of 1 and 2 overlap well, but some peripheral
fragments beyond the first coordination sphere indeed show a
non-negligible difference, such as the methyl of the methoxyl
on DMOP and the benzene rings of the peripheral
p-diketonate ligands, which leads to different O-Dy-O angles
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with a range of 0.01°-3.38° in the first coordination sphere
(Table S2, ESIt). These differences were most likely due to the
different intermolecular stacking caused by the different
lattice solvents with hydrogen bonds and might be responsible
for their different magnetic relaxations.*’

Further insights into the electronic structure and magnetic
blocking in the present dysprosium complexes were obtained
via ab initio calculations. Generally, the effective relaxation
barrier of an Orbach process is comparable with the energy
difference of the ground and first excited states. CASSCF cal-
culations on two types of individual Dy(ur) fragments for each
of complexes 1 and 2 on the basis of X-ray determined geome-
tries were carried out with MOLCAS 7.8*° and
SINGLE_ANISO*® programs (Fig. S28 and see computation
details in the ESIt). The lowest spin-orbit energies and the
effective g tensors of the ground Kramer’s doublets on the
dysprosium sites as strongly axial for complexes 1 and 2 are
shown in Table S9 (ESIf). The calculated g, values of the
Dy(ir) fragments of 1 and 2 were close to 20 (g, = 19.769 for 1
and g, = 19.778 for 2), which show that the Dy(ui)-Dy(i)
exchange interactions for each of them can be approximately
regarded as an Ising type. However, complex 1 has a larger
transverse anisotropy component than 2 as indicated by the
calculated gy, g, values of 0.008, 0.028 for 1 and 0.004, 0.016
for 2, respectively. In particular, the magnetic axiality (g,/gx,v)
of the ground state for 2 is almost one order larger than that
for 1, which might be the source of their different magnetic
relaxation behaviours."?® In addition, the obtained energy
gaps at 153.6 K (106.7 em™") and 193.4 K (134.3 cm™)
between the ground and the first excited states in 1 and 2
were close to the values fitted with eqn (1) over the whole
temperature regime. The main magnetic axes on two Dy(u1) of
each complex are parallel and opposite, as indicated in
Fig. S28 (ESIT), where the magnetic axes on Dy(u) for the two
complexes had similar directions. We also give the exchange
energies and the main values of g, for the lowest two
exchange doublets of two complexes in Table S10 (ESIT). The
g, values of the ground exchange states for all the complexes
were equal to 0, which confirmed that the Dy(u)-Dy(in) coup-
lings were antiferromagnetic. The simulated main magnetic
axes of Dy ions in each complex are depicted in Fig. S29
(ESIT). The Dy-Dy magnetization axis formed an angle of
79.4° with the line of Dy-Dy direction for complex 1, which
was larger than the angle of 76.8° for complex 2. Moreover, in
complex 1, the magnetization axis formed an angle of 4.2°
with the plane (O1-Dy1-0O1’) and an angle of 16.7° with the
equatorial plane (01-01'-02'-03-05), which, respectively,
were 3.6° and 14.3° in complex 2. The angles between the
equatorial plane (01-01-02'-03-05) and the vertical plane
(04-06-07) were 84.4° and 87.0° for 1 and 2, respectively
(Fig. S29, ESIT). These results indicate that the orientation of
the magnetization axis is closer to the orientation of Dy-Dy
in complex 2 than that in complex 1. Consequently, complex
2 has a stronger intramolecular antiferromagnetic interaction
as aforementioned and displays a more remarkable SMM
behaviour.

1582 | Inorg. Chem. Front., 2018, 5, 1575-1586

View Article Online

Inorganic Chemistry Frontiers

Conclusions

We have shown that the magnetic anisotropy of a dinuclear
dysprosium complex [Dy,(DMOP),(DBM),(CHCl;),] (1) can be
significantly improved by removing the lattice CHCl; molecule
or by replacing it with CH,CICH,Cl providing
[Dy,(DMOP),(DBM),(C,H,Cl,),] (2). Further studies on the
dynamic magnetic relaxation processes of these complexes
and their diluted samples indicated that the slow magnetic
relaxations were mostly derived from the single-ion anisotropy.
Interestingly, a dramatic increase in Uy and the hysteresis
temperature could be realized by only releasing or replacing
the unbonded solvent molecules. This experimental obser-
vation provides new insight for designing lanthanide-based
SMMs, which could be obtained by manipulating the guest
molecules either in low dimensional systems or MOF
materials. Meanwhile, it should be noted that the SMMs with
solvent molecules should be treated with caution in magnetic
measurements owing to the possible influence on their
dynamic relaxation.

Experimental section
General information

All the solvents were used as received without further purifi-
cation. Other chemicals were commercially available and gen-
erally used as supplied. Elemental (C and H) analyses were per-
formed with a PerkinElmer 2400 analyzer.

Single-crystal X-ray diffraction

Crystal data for complexes 1-4 were collected on a Xcalibur,
Eos, Gemini diffractometer with Mo Ko radiation (4 =
0.71073 A). Complexes 1, 3 and 4 were collected at 293(2) K,
while 2 was collected at 180(2) K. The structures of complexes
1-4 were solved by direct methods and refined on F* by full-
matrix least-squares using the SHELXTL-2014 program and
Olex2.*® All non-hydrogen atoms were refined with isomor-
phous displacement parameters. All crystallographic data for
complexes 1-4 are summarized in Table 2, and selected bond
lengths and angles for complexes 1 and 2 are tabulated in
Table S2 (ESIY).

Powder X-ray crystallography

Powder X-ray data were recorded at room temperature on a
Bruker D8 diffractometer using Cu Ka (1 = 1.5406 A) radiation.
The accelerating voltage and the applied current were 40 kV
and 20 mA, respectively.

Magnetic measurements

The magnetic susceptibilities of the complexes were measured
using a Quantum Design VSM superconducting quantum
interference device (SQUID) magnetometer. Data were cor-
rected for the diamagnetism of the samples using Pascal con-
stants and the sample holder by measurement.
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Complex 1 2 3 4
Empirical formula CgoHgsCli2Dy,044 CgoHoCl,Dy,044 CgoHgsCl12,Y5014 CgoHgsCl12Gd 044
FW (g mol™) 2001.73 1722.16 1854.55 1991.23
Crystal system Triclinic Triclinic Triclinic Triclinic
Space group P1 P1 P1 P1
Temperature (K) 293(2) 180(2) 293(2) 293
a(A) 11.7531(9) 11.4039(3) 11.7403(7) 11.765
b (A) 13.8438(10) 13.0199(5) 13.8267(8) 13.856
c(A) 13.9872(7) 13.9897(5) 13.9874(9) 14.010
a () 102.801(6) 70.393(3) 103.008(5) 102.87
B(°) 91.679(5) 71.631(3) 92.037(5) 91.29
y(° 108.946(7) 75.913(3) 108.773(5) 108.64
Vv (A%) 2086.3(2) 1834.87(12) 2080.2(2) 2098.7
Peacd (Mg m™3) 1.593 1.559 1.480 1.575

u (mm™) 2.222 2.231 1.834 2.008
F(000) 994 862 940 990.0
Independent relections 10517 9451 9412 9287
Rint 0.0384 0.0350 0.0330 0.0328
R“[T> 20(1)] 0.0498 0.0348 0.0630 0.0431
WR,” (all data) 0.1236 0.0694 0.1707 0.1166
Goodness of fit on F* 1.030 1.092 1.025 1.082
CCDC numbers 1411817 1411818 1413255 1413256

“Ry = Z||Fo| = e/ Z|Fol. "WR, = T[w(Fs® = F2PY Elw(F")T".

Synthesis of [Dy,(DMOP),(DBM),(CHCl;),] (1) and
[Dy,(DMOP),(DBM),(C,H,CL),] (2)

To a stirred solution of 1,3-diphenylpropane-1,3-dione (DBM)
(0.449 g, 2.0 mmol) and 2,6-dimethoxyphenol (DMOP)
(0.154 g, 1.0 mmol) in 22 mL of EtOH, an alcoholic solution
(10 mL) of sodium hydroxide (0.120 g, 3.0 mmol) was added
dropwise, resulting in a black solution. After that an alcoholic
solution (7.5 mL) of DyCl;-6H,O (0.377 g, 1.0 mmol) was
added dropwise to the above solution, resulting in a brown
precipitate. The reaction mixture was refluxed and stirred for a
further period of 4 h and was then cooled and filtered. The
residue obtained was washed with water and ethyl alcohol.
And then, after drying at 50 °C under vacuum conditions, we
obtained a grey powder. Yield: 0.568 g. The powder was dis-
solved in CHCl; and 1,2-dichloroethane (C,H,Cl,), respect-
ively, and kept for crystallization under slow evaporation con-
ditions. After 3-4 days, pure yellowish crystals of 1 and 2 were
obtained and collected. For 1, yield: 0.382 g (51.2%).
Elemental analysis (wt%) calcd for CgoHgeCli,Dy,014: C 47.98,
H 3.30; found: C 48.01, H 3.26. For 2, yield: 0.297 g (46.3%).
Elemental analysis (wt%) caled for CgoH;oCl,Dy,044: C 55.78,
H 4.07; found: C 55.80, H 4.16.

Synthesis of [Y,(DMOP),(DBM),(CHCI;),] (3)

The preparation of this complex followed the same procedure
as for 1 except that YCl;-6H,0 (0.303 g, 1.0 mmol) was used as
the starting material instead of DyCl;-6H,O. We obtained a
grey powder. Yield: 0.503 g. The powder was dissolved in
CHCl;, and kept for crystallization under slow evaporation con-
ditions. After 3-4 days, pure yellowish crystals of 3 were
obtained and collected. Yield: 0.343 g (50.6%). Elemental ana-
lysis (Wt%) caled for CgoHgeCli2Y2014: C 51.78, H 3.56; found:
C 51.81, H 3.65.

This journal is © the Partner Organisations 2018

Synthesis of [Gd,(DMOP),(DBM),(CHCl;),] (4)

The preparation of this complex followed the same procedure
as for 1 except that GdCl;-6H,0 (0.372 g, 1.0 mmol) was used
as the starting material instead of DyCl;-6H,0O. We obtained a
grey powder. Yield: 0.551 g. The powder was dissolved in
CHCI;, and kept for crystallization under slow evaporation con-
ditions. After 3-4 days, pure yellowish crystals of 4 were
obtained and collected. Yield: 0.390 g (52.6%). Elemental ana-
lysis (Wt%) caled for CgoHgsCli,Gd044: C 48.21, H 3.31; found:
C 48.18, H 3.25.

Procedure for the synthesis of the diluted samples of complex
1, which are labelled as 1a, 1b and 1c¢

These diluted complexes were prepared by following the same
method as that for 1 but here we used DyCl;-6H,0/YCl;-6H,0
(0.1 mmol in total, in a 1:4, 1:9, 1:19 moral ratio respect-
ively) instead of 1.0 mmol of DyCl;-6H,0. Specific details of
each reaction and the characterization data of the products
obtained are given below.

Synthesis of [Y; ¢Dyo.4(DMOP),(DBM),(CHCl;),] (1a)

Quantities: DBM (0.449 g, 2.0 mmol), DMOP (0.154 g,
1.0 mmol), NaOH (0.120 g, 3.0 mmol) DyCl;-6H,0 (0.075 g,
0.2 mmol) and YCl;-6H,0 (0.243 g, 0.8 mmol). The grey
powder yield: 0.508 g and yellowish crystals yield 0.344 ¢
(50.5%). Elemental analysis (Wt%) caled for
CgoHeCliaY1 6Dy0.4014: C 50.98, H 3.50; found: C 51.21, H
3.45.

Synthesis of [Yl.sDyo2(DMOP)2(DBM)4(CHC]3)4] (1b)

Quantities: DBM (0.449 g, 2.0 mmol), DMOP (0.154 g,
1.0 mmol), NaOH (0.120 g, 3.0 mmol) DyCl;-6H,0 (0.038 g,
0.1 mmol) and YCl;-6H,0 (0.273 g, 0.9 mmol). The grey
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powder yield: 0.500 g and yellowish crystals yield 0.337 ¢
(50.2%). Elemental analysis (Wt%) caled for
CgoHeeCl1,Y1 sDyo,014: C 51.38, H 3.53; found: C 51.61, H
3.37.

Synthesis of [Y; oDy, 1(DMOP),(DBM),(CHCl;),] (1¢)

Quantities: DBM (0.449 g, 2.0 mmol), DMOP (0.154 g,
1.0 mmol), NaOH (0.120 g, 3.0 mmol) DyCl3-6H,0 (0.019 g,
0.05 mmol) and YCl3-6H,0 (0.289 g, 0.95 mmol). The grey
powder yield: 0.498 g and yellowish crystals yield 0.332 ¢
(49.5%). Elemental analysis (Wt%) caled for
CgoHgsClioY1 0Dy 1014: C 51.58, H 3.55; found: C 51.11, H
3.49.

Synthesis of the diluted sample
[Y1_sDy().z(DMOP)Z(DBM)Ll(C2H4Clz)z] of Complex 2, which is
labelled as 2b

This diluted complex was prepared by following the same
method as that for 2 but here we used DyCl;-6H,0 (0.038 g,
0.1 mmol)/YCl;-6H,0 (0.273 g, 0.9 mmol) (1.0 mmol in total,
in a 1:9 moral ratio) instead of 1.0 mmol of DyCl;-6H,0. We
obtained a grey powder. Yield: 0.500 g. The powder was dis-
solved in 1,2-dichloroethane, and kept for crystallization under
slow evaporation conditions. After 3-4 days, pure yellowish
crystals of 2b were obtained and collected. Yield: 0.283 g
(49.2%). Elemental analysis (Wt%) caled for
CgoH,0Cl,Y, 4Dy,2014: C 60.43, H 4.41; found: C 60.39, H 4.34.

Synthesis of solvent-free sample [Dy,(DMOP),(DBM),] of
complex 1, which is labelled as del

To maintain complex 1 at 80 °C for 24 h under vacuum con-
ditions, the lattice solvent molecule was almost completely
removed leading to complex [Dy,(DMOP),(DBM),] (del).
Elemental analysis (wt%) calcd for C,¢Hg,Dy,014: C 59.88, H
4.07; found: C 59.91, H 4.15.

Synthesis of the diluted and solvent-free sample
[Y1.8Dyo.2(DMOP),(DBM),] of complex de1, which is labelled as
delb

To maintain complex 1b at 80 °C for 24 h under vacuum con-
ditions, the lattice solvent molecule was almost completely
removed leading to complex [Y; gDy, ,(DMOP),(DBM),] (delb).
Elemental analysis (wt%) caled for C;6He,Y1.8DY0.2014: C
65.59, H 4.46; found: C 65.60, H 4.52.
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